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Introduction 

Retinoids  and  breast  cancer:  the  hurdle  of  retinoid  resistance 

Retinoids,  the  natural  and  synthetic  Vitamin  A  analogs,  are  powerful  drugs  for  cancer 
differentiation  therapy  and  prevention.  Among  natural  retinoids,  all-trans  retinoic  acid 
(RA)  9-  cis  RA  and  13-  cisRA,  have  been  shown  to  be  potent  agents  regulating  normal 
gro\\th  and  differentiation  of  epithelial  cells  both  in  vitro  and  in  vivo.  Search  for  novel 
apoptosis-  inducing  retinoids  has  led  to  the  development  of  synthetic  retinoids  such  as  N- 
(4-hydroxyphenyl  retinamide)  (4HPR)  used  in  cancer  treatment  (Gudas  et  al.,  1994, 
Costa  et  al.,  1994).  The  effects  of  retinoids  are  mostly  mediated  by  a  special  family  of 
ligand-dependent  transcription  factors,  called  retinoic  acid  receptors  (RARs)  and  retinoid 
X  receptors  (RXRs)  (see  for  review  Chambon,  1996). 

Retinoids,  recognized  to  be  clinically  valuable  for  their  efficacy  in  differentiation  therapy 
of  acute  promyelocitic  leukemia  and  oral  preneoplasia  (see  for  review  Minucci  and 
Pelicci  1999),  have  received  a  lot  of  attention  also  for  breast  cancer  therapy.  The  promise 
of  retinoids  for  breast  cancer  prevention  and  treatment  was  first  demonstrated  by  animal 
data  showing  that  administration  of  natural  RA  and  synthetic  retinoids  can  inhibit  the 
initiation  and  promotion  of  mammary  tumors  induced  by  carcinogens  (Costa,  1994, 
Moon  and  Mehta,  1990).  Moreover,  RA  and  other  retinoids  can  inhibit  the  growth  of 
human  breast  cancer  cells  in  vitro  (Gudas  et  al.,  1994).  However,  clinical  trials  have 
indicated  the  existence  of  a  major  hurdle  of  retinoid  differentiation  therapy  in  breast 
cancer,  the  retinoid  resistance  of  a  subset  of  tumors  (Smith  et  al.,  1992;  Lippman  et  al., 
1997)  This  fact  was  recently  confirmed  by  a  clinical  trial  Phase  1  study  using  RA  on  50 
women  with  operable  breast  cancer  (Toma  et  al.,  2000).  RA  treatment  determined 
biological  effects  only  in  1  out  of  4  tumors,  indicating  that  RA  resistant  tumors  are 
different  from  RA  sensitive  tumors  in  mediating  RA  action. 

RA-  resistance  in  breast  cancer  and  inactivity  of  the  nuclear  receptor  RAR  beta 
Analysis  of  RARs  and  RXRs  receptors  in  breast  cancer  cell  lines  and  primary  tumors  has 
pointed  to  a  very  consistent  correlation  between  retinoid  resistance  and  a  reduced 
expression  of  one  of  the  receptor,  RAR  beta.  There  are  two  types  of  RAR  beta  negative 
breast  cancer  cells  (Liu  et  al.,  1996),  a  subset  where  RAR  beta  expression  can  be 
reactivated  by  RA,  while  another  subset  where  RAR  beta  cannot  be  reinduced.  The 
reinduction  of  RAR  beta  results  in  growth  inhibition  and  apoptosis  (Li  et  al.,  1995; 
Seewaldt  et  al.,  1995,  1997;  Liu  et  al.,  1996).  Notably,  loss  of  RAR  beta  expression  was 
observed  not  only  in  breast  cancer  cell  lines  but  also  in  primary  tumors  (Xu  et  al.,  1997, 
Sirchia  et  al.,  2000;  Widschwendtner  et  al.,  2000)  and  affects  the  growth  properties  of 
cells  (Liu  et  al.,  1996;  Faria  et  al.,1999) 

The  RAR  beta  promoter  and  its  regidatory  elements 

Loss  of  heterozigosity  at  chromosome  region  3p24,  where  RAR  beta  is  located  has  been 
documented  in  breast  cancer.  However,  homozygous  loss  of  RAR  beta  does  not  seem  to 
be  the  major  cause  for  the  lack  of  RAR  beta  expression  (Virmani  A,  Dallas,  and  personal 
communication).  Recently,  we  and  others  showed  that  DNA  methylation  of  the  RAR  beta 
P2  promoter  is  a  factor  of  RAR  beta  silencing  and  RA  resistance  (Sirchia  et  al.,  2000; 
Bovenzi  et  al.,  1999;  Widschwendtner  et  al.,  2000).  Interestingly,  we  found  methylation 
at  P2  also  in  primary  breast  tumors.  RAR  beta  P2  under  the  regulation  of  several  nuclear 
receptors  (Lin  et  al.,  2000)  contains  the  RA-  response  element  (beta-RARE)  and  controls 
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the  expression  of  beta-2  and  4  transcripts  (Swisshelm  et  al.,  1994;  Seewaldt  et  al., 

1997). 

Combination  of  RA  and  histone  deacetylase  (HD AC)  inhibitors  can  overcome  the 
constraint  of  DMA  methylation  at  RAR  beta 

The  relationship  between  epigenetic  RAR  beta  silencing  and  RA-resistance  suggests  a  strategy 
to  overcome  RAR  beta  silencing  caused  by  DNA  methylation  and  the  massive  repression 
mediated  by  the  MeCP2  corepressor  multiprotein  complex  with  histone  deacetylase  (HDAC) 
activity  (Nan  et  al.,  1998;  Razin  1998)  based  on  the  use  of  HDAC  inhibitors.  .  So  far,  the  only 
other  suggested  strategy  to  obtain  RAR  beta  reinduction  is  to  exploit  alterantive  retinoid 
pathways  in  RA  resistant  cell  lines  (Wu  et  al.,  1997).  An  analysis  of  how  silencing  of  RAR 
beta  P2  may  occur  is  the  basis  to  devise  a  strategy  to  reverse  this  silencing.  It  is  noteworthy  to 
recall  that  the  RAR  beta  promoter  is  regulated,  even  in  its  unmethylated  form,  by  the  balance  of 
HDAC/HAT  activity  tethered  by  the  RARs  heterodimers  in  the  absence/presence  of  RA. 
Second,  according  to  the  model  that  gene  inactivity  may  attract  DNA  methylation  (Ng  and  Bird, 

1999)  the  repressive  chromatin  state  in  the  absence  of  RA  (Fig.lA)  may  predispose  the  CGs, 
present  in  the  promoter  to  be  methylated  (Fig.  IB).  This  in  turn  would  result  in  the  accumulation 
of  HDAC  corepressor  complexes  tethered  by  the  MeCP2  protein  (Fig.  1C)  and  in  a  severe 
repressive  chromatin  state  (Fig.  ID).  This  would  explain  why  RA  alone  is  not  capable  to  relieve 
the  massive  repression  of  RA  resistant  cells.  However,  our  recent  in  vitro  data  suggest  that  it  is 
possible  to  restore  RAR  beta  expression  and  RA-  sensitivity  in  RA-resistant,  P2  methylated  cells 
even  in  the  presence  of  DNA  methylation  by  removing  some  HDAC  activity  with  a  HDACI  and 
applying  at  the  same  time  the  ligand  RA  (Sirchia  et  al.,  2000). 

Old  and  new  HDACIs 

HDAC  inhibitors  are  recognized  inducers  of  differentiation  or  apoptosis  of  transformed  cells 
(Marks  et  al.,  2000).  The  aliphatic  and  aromatic  fatty  acids,  such  sodium  phenylbutyrate  (PB) 
and  phenylacetate  (PA)  have  been  reported  to  induce  tumor  cell  cytostasis,  differentiation  and 
apoptosis  in  various  hematological  and  solid  tumors,  including  prostate  cancer. 
Phenylacetate/butyrate  have  been  reported  to  upregulate  the  expression  of  RARD  in 
neuroblastoma  cells  and  thus  to  enhance  retinoid-specific  activity  (Sidell  et  al.,  1998).  One  of  us 
has  shown  that  the  combination  of  PB  and  13-cis-RA  can  induce  significant  biological 
effects  associated  with  RAR  beta  re  expression  in  prostate  tumors  (Pili  et  al.,  2001).  Trichostatin 
(TSA),  a  specific  inhibitor  of  histone  deacytelase  potentiates  RA-induced  differentiation  by 
enhancing  RXR/RAR  heterodimer  binding  to  RARE  (Minucci  et  al.  1997).  Finally  that  the 
prototype  of  a  family  of  hybrid  polar  compounds,  suberoylanilide  hydroxamic  acid  (SAHA)  is  a 
novel  potent  HDACI  and  suppresses  the  growth  of  cancer  cells  in  vitro  and  in  vivo  (Butler  et  al., 

2000) .  These  preliminary  findings  strongly  suggest  that  modulating  the  acetylation  status  of  the 
RAR  beta  P2  chromatin  with  HDACIs,  is  likely  to  be  sufficient  to  restore  the  activity  of  the  RAR 
beta  P2  promoter  and,  with  it,  RA-sensitivity  in  RA-resistant  cells. 

During  the  first  six  months  of  this  grant  from  April  1, 2002  to  September  30,  2003  we 
performed  most  of  the  experiments  outlined  in  Taskl  at  the  Sidney  Kimmel  Cancer 
Center  at  Johns  Hopkins,  Baltimore.  Since  October  1^,  2002 1  moved  to  Roswell  Park 
Cancer  Institute,  Buffalo,  NY.  The  Award  is  in  the  process  of  being  transferred  at  the 
time  I  am  writing  this  report. 
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Body 

Task  1 :  To  use  different  HDAC  inhibitors  in  combination  with  RA  to  treat  RA-resistant 
breast  cancer  cell  lines  with  a  methylated  P2  promoter  to  assess  whether  by  changing  the 
acetylation  status  at  P2  we  can  restore  RAR  P  expression 

Results 

Briefly,  breast  cancer  cell  lines  characterized  for  their  methylation  status  at  RAR  beta  and  RA- 
response  the  unmethylated  cell  lines  Hs578t,  T47D  and  the  methylated  lines  MCF7,  MDA-MB- 
231,  were  treated  with  RA,  alone  (l-SpM)  or  in  combination,  with  HDAC  inhibitors  TSA 
(20-100  ng/ml),  PB  (2.5-5mM)  The  acetylation  status  of  the  chromatin  was  studied  by  a 
specific  technique  called  chromatin  immunoprecipitation  (ChIP)  (Keshet  et  al.,  1986;  Hebbes  et 
al.,  1994;  Eden  et  al.,  1998)  using  antibodies  directed  against  the  acetylated  H3  and  H4  histones. 
Using  Chip  we  analyzed:  1)  the  baseline  acetylation  status  of  the  RAR  beta  2  promoter  in  RA- 
sensitive  and  RA-resistant  breast  cancer  cell  lines  and  2)  the  chromatin  acetylation  at  RAR  beta  2 
by  different  combinations  of  RA  and  either  TSA  or  PB. 

Abs  against  both  the  acetylated  H3,  H4  histones  (Upstate  Biotechnology), the 
phosphorylated  H4  as  a  control  with  primers  designed  on  RAR  beta  P2.The  acetylation 
status  were  analyzed  in  all  the  cell  lines  after  treating  them  with  RA  alone,  or  in 
combination,  with  either  TSA  or  PB  .  The  acetylation  status  was  also  tested  after 
treatment  with  the  demethylating  agent  5-Aza-CdR  (0.75pM).  Changes  in  the  DNA 
methylation  status  at  RAR  beta  P2  level  were  analyzed  by  using  methylation  specific 
PCR  (MSP)  (Herman  eta  1.,  1996);  RAR  beta  transcripts  were  analyzed  by  RT-PCR  and 
primers  described  (Sirchia  et  al,  2000;  Virmani  et  al.,  2001). 

Detailed  Methods  and  Results  :  see  appended  paper  by  Sirchia  et  al..  Cancer  Research, 

2002 

Key  Accomplishments 

•  Evidence  that  RAR  P  2-negative  tumors  show  variable  histone  hypoacetylation  (from  mild  to 
severe)  of  the  chromatin  embedding  RAR  P  P2.  Severe  histone  hypoacetylation  is  associated 
with  DNA  methylation  of  P2 

•  Evidence  that  RAR  P2  expression  can  be  restored  by  the  demethylating  agent  5-Aza-CdR  as 
well  as  by  combining  the  histone  deacetylase  inhibitor  trichostatin  A  (TSA)  with 
pharmacological  doses  of  RA 

•  Evidence  that  reacetylation  of  the  chromatin  associated  with  the  RARP  P2  is  necessary 
and  sufficient  to  restore  expression  even  from  a  methylated  RAR  P  P2 

•  Evidence  that  endogenous  reactivation  of  a  methylation-  silenced  RAR  P2  is  associated 
with  significant  tumor  growth  inhibition  in  vitro  and  in  xenograft  models  of  breast  cancer 


Reportable  Outcome 

One  Paper  (Appendix  1) 
One  Abstract  (Appendix  2) 
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Conclusions 

The  work  performed  indicates  that  if  modulation  of  the  repressed  chromatin  status  of 
the  promoter  of  the  RAR  P  tumor  suppressor  gene  in  RA-resistant  cells  can  restore  RA- 
sensitivity  both  in  vitro  and  in  vivo 
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Endogenous  Reactivation  of  the  RARp2  Tumor  Suppressor  Gene  Epigenetically 
Silenced  in  Breast  Cancer^ 


Silvi*  M,  Sirchia,^  Mingqiang  Ren,*  Roberto  Pili,  Elena  Sironi,  Giulia  Somenzi,  Riccardo  Ghidoni,  Salvatore  Toma, 
Guido  Nieoio,  and  Nic(detta  SacchP 

Lihonifcry  Genetics  and  BiochemLytry,  Sm  Paoh  Univenity  Sch^  Univmty  of  hOan^  W142  Itah  [SMS..  G  S,KG  N.SJ  Sitkey 

Kimmrt  Omqfnhmsive  Gmcer  Center  at  Johns  Hopkins  Umversity,  Baltimore.  Maryland  2I2SI-1000  [M.R..  JtP.,  N.SJ;  Dqn^imeM  of  Oncology.  Budo^  and  Genetic^ 
Umversity  Genoa.  16132  Italy  [S  TJ;  and  National  Institute  Jar  Cancer  Research.  16132  Genoa.  Bah  /S  T..  G.  N.J 


Abstract 

Lms  ^  exiNressiM  of  relbi^  acid  i^oeptor  ^  a  potest  timiAr 

sappmior  gcK,  b  cmomb^  observed  during  breast  cardnogeiKsis. 
RARfIZ  ifciidiig  can  be  traced  Co  c^i^eneCic  chriMiatiB  ebamges  afiecHag 
Cfae  P2  pTMBoler.  Here  we  show  that  retinoic  acid  therapy  &as  Co 
UHtace  hi  primary  breast  tniBors^  which  carry  a  ncthylated  i&4iC^ 

P2  pranmCer.  DNA  nacthylatin  leads  to  repressive  chromate  deacetyla- 
ten  at  P2.  By  rndneing  an  appropriate  level  of  histsae  reacetylatiofli 

at  RARfI  ft  we  covid  reactivate  endognons  RARpZ  CraascriptiflB  from 
irametfaTtaCed  »  wdl  as  metbylaled  RAR^  ft  in  breast  cancer  ceB  lines 
and  xenograft  tamm,  md  obtain  signiflicaBt  growtb  ishfintlea  both  im 
who  mid  in  Thfo  stinly  may  have  translatimial  implleatlons  for  iMieast 
cancer  ind  other  cancers  aurryfatg  an  cpigencticaBy  sBenced  ft 

promoter. 

IntrodnctioB 


ished  RA  efi^ects  (10).  MtHeover,  RARp2  knockouts  o(  F9  teratocar- 
cinoma  cells  could  not  undergo  gnnvdi  arrest  in  die  presence  of  RA, 
indicating  di^  RARfiZ  is  required  for  tbe  growth  inhibitcHy  actkMi  of 
RA  (II).  Finally,  expresacm  of  RARp2  antisense  caused  an  increased 
fiequcncy  of  carcinomas  m  transgenic  mice  (12).  How  RAR^Z  exerts 
its  anticancer  activity  is  still  largely  unknown.  Studies  in  lueast  cancer 
ceD  lines  indicatB  two  malm  RAR^2  anlineoplastk  mechanising 
namely  RA-induced  qioptosis  and  RA-indqiendent  antiactivatm 
protein-l  activity  (5,  9).  Morcovm,  RARfiZ  may  be  involved  in  the 
enhancCTEi^  of  tumor  immunogefneity  (13).  Thus  fer,  inductiofi  of 
anthumocal  ejects  in  ccurcamitance  with  endogenous  RAR^  u|>- 
regulatimi  in  re^ionse  to  retinokls  has  been  successfully  achiev^ 
cmly  in  patients  with  mal  premalignant  lesions  (14).  bi  cemtrast,  most 

epithelial  tumors,  inchidii^  breast  cancer,  flowed  pom*  cx  no  response 

to  retiiH^  treatment  (15,  16).  bt  a  clhtical  trial  of  RA  in  advanced 


Vitamta  A  and  its  active  metabolites,  including  RA,'*  are  essential 
for  growth  and  cell  diffenmtiatioii  of  epithelial  dssne  (IX  Retinoids 
exerts  their  edects  mainly  via  nuclear  recqrtors,  the  RARs  and  die 
RXRs,  bodi  of  which  are  memb^  of  die  nuclear  receptor  superfamily 
(1).  The  human  RAR^  gene  is  expressed  as  three  isi^bnns: 
and  ^  (2).  The  biologically  active  RAR^  isofbnn  (1, 2)  is  under  the 
reguladon  of  the  P2  juomoto'  containhi^  a  high  afidnity  RA-respou- 
sive  element  RARE  (3X  ^ndiich  is  associated  with  the  tcanscriptkmai 
activatioa  rf  RARpZ  by  RA  in  a  variety  of  cells  (1). 

RARfiZ  mRNA  oquession  is  greatly  reduced  in  a  number  of  dif¬ 
ferent  types  of  human  carcinomas  including  breast  carcinoma  (4-7). 
A  growing  literatuie  has  demonstrated  that  the  anticancer  effect  of  RA 
is  primarily  mediated  by  RAR^2,  which  is  a  potent  tumm  suppmsscu. 
ExjHession  of  RARpZ  in  RARpZ  nc^itivG  esneer  cells  restored  RA- 
induced  GI  and  caused  decreased  tumorigenicity  (8).  Exogenous 
expression  of  RARpZ  results  both  in  RA-dqjendoit  and  RA-independ- 
ent  qxjptosds,  and  growth  arrest  even  in  breast  canc^  cell  lines  with 
scanty  amounts  of  RARa,  the  first  effectOT  of  RARp  P2  (4,  5,  9). 
Inhibrtion  of  RARpZ  expression  in  JMi^^-poshive  cancer  ceDs  abol- 
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breast  carentioma  patients,  RARpZ  was  induced  only  in  ooe-fburdi  of 
/t4/f^2-negative  tveast  tumors  (16), 

The  potesfitial  causes  for  jwogressive  decrease  in  RARpZ  mRNA 
expresskm  during  breast  carcinogenesis  (6,  7)  and  lack  of  RA  re¬ 
sponse  may  be  botfi  goietic  and  ejwgenetic.  However,  we  and  odiers 
(17-19)  have  found  diat  lack  of  RARpZ  is  mme  trften  becaisc  of  DNA 
metiylatioa  affectii^  tee  RARp  P2  promoter  of  one  or  meue  RARp 
alleles.  This  made  us  hypothesize  teat  silencing  of  becmise  of 
epi^netk  chai^  in  tec  RARP  P2  chromatin  may  hanqjer  RARp  P2 
tnducibility  by  RA  and  be  a  cause  of  RA  resistance  (18).  Here  we 
show  that  teis  is  indeed  tee  case.  We  were  able  to  analyze  pateologica] 
specimens  of  jHimary  breast  tumors  of  a  chitica]  trial  of  RA  (16)  and 
ibuml  teat  those  tumms,  which  did  not  exjuess  RARpZ  at  tec  aad  of 
RA  therapy,  cany  a  meteykted  RARp  P2.  Thus,  lack  of  inducibility 
of  RARpZ  by  RA  seems  to  be  because  of  an  aberrant  repressive 
chromatin  status  at  RARp  P2. 

Apparently,  all  of  tee  machine  necessary  for  RARpZ  reactivation 
in  tee  presence  of  RA  seems  to  be  intact  in  breast  cancer  cells  laddng 
endogoious  RARpZ  eTqHcssion,  because  teese  cells  can  transcription¬ 
ally  activate  an  exogmous  RARpZ  RARE  (4).  In  tee  presence  of  RA, 

a  nmmal  P2  is  activated  first  by  RARo/lOCR  hetCTodimeis  and 

cofactois  and  subsequemly  by  RAR^2/RXR  hcterodimCTs  (20)  via 
dynamic  histcHic  acetylatioa  We  leascmed  that  juovkled  teat  at  least 
one  ^auHnic  copy  of  RARp  is  intact,  and  provided  teat  sufiiciait 
cofactois  and  effectors  (for  instance  RARo/RXR)  are  available  in  a 
cell,  endogenous  reactivation  of  RARpZ  should  be  feasible  by  revers¬ 
ing  tee  repressive  constraints  affecting  the  P2  {uomoter.  Here  we 
show  teat  by  inducing  an  aj^opriate  level  of  RARp  P2  acetyiatitm  we 
could  rcstme  RARp2  transcription  fimn  bote  unmethykted  and  meth¬ 
ylated  RARp  P2  lumnoters  in  RARpZ-m^^tiwe  carcinoma  cells  of 
tereast  Endogenous  RARpZ  reactivation  resulted  in  significant  Gl  both 
in  vitro  and  in  vivo.  This  study  may  have  translational  implications: 
(a)  RARp  P2  meteylation  scans  to  be  a  "{»edictc^’  of  RA  response  in 
breast  cancer,  and  (6)  reactivation  of  RARpZ  may  be  a  strategy  to 
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restore  RAR^2  anticancer  effects  in  breast  cancer  as  weU  as  in  other 
epithelial  cancers  where  the  RARfi  P2  promoter  is  epigenetkally 
silenced. 

Materials  and  Methods 


imiminoprccipitated  from  2  X  iO^  cells  treated  with  diffoent  drug  (s)  or 
control  vehicles,  Fot  duplex  PCR  the  primers  included:  !he  RARfi  P2  sense 
primer  5'-CiCCGAGAACGCGAGCGATCC-3\  the  RARfi  P2  antisense 
primer  5'-GGCCAATCCAG<XGGGGC-3',  the  GAFDH  sense  primer  5'- 
ACAGTCCATGCCATCACTGCC-3^,  and  GAPJOH  antisense  primer  5'- 
GCCTGCrrCACCAtXTTCTTG-  3'. 


CeOs  mi  Drug  Treatments 

Cefis*  Breast  and  larynx  cancer  ceD  lines  were  maintained  in  DMEM  with 
5%  FCS;  lung  and  prostate  cancer  cell  lines  were  maintained  in  RPMl  1640 
with  5%  FCS. 

Dmg  Treatments.  Cells  seeded  at  differeitf  concentrations  and  in  diflerem 
vessels  according  to  the  objective  of  (he  analysis  (sec  details  in  the  different 
sections)  were  allowed  to  attadi  to  the  plastic  substrate  befme  being  treated  for 
periods  ranging  frani  24  h  to  6  days  with  different  drug(5)  and  vdiicies. 
Ail-/nwij-RA  (Sigma,  Milan,  Italy)  dissolved  in  95%  ethanol  was  used  at  final 
concentratitHis  of  1  and  5  pM;  S-Aza-CdR  (Sigma)  dissolved  in  0,45%  NaCI 
containing  10  mM  sodium  phos|^iate  (pH  6.8)  was  used  at  a  final  oooceiitr^ion 
of  0,8  /Of;  PB  (Triple  Crown  America  Inc.,  Ptedtasie,  PA)  dissolved  in  PBS 
was  usedM  final  concentrations  <^“2,5  and  5  mw;  and  TSA  (Sigma)  dissolved 
in  ethanol  was  used  at  final  ooncentr^ions  ranging  fiom  33  to  330  nve 
GL  G1  was  calculated  using  the  trypan  Wuc  metood  acccmhng  to  standard 
protocols 

CleDOgrnicity.  Five-hundred  to  1000  ceUs/well  were  seeded  in  six-well 
plates,  enabled  to  attach  orvemight  to  the  plastic  substrate  befme  toe  addition 
of  toe  apixopriate  concerntradems  of  toe  desired  dn^s)  or  vehicles  (cantrols). 
The  medium  were  replaced  with  drug-lice  mediuin  for  the  desired  time.  As  the 
colonies  became  visible  (2-3  wcdcs),  ceBs  were  fixed  with  naethanol,  stamed 
with  Giemsa  (1:10  in  distilled  waterX  and  counted. 

Apaptotfe  Index.  Apoptosis  was  evaluated  by  the  tn  jpfiu  cell  death  and 
horseradish  peroxidase  detection  kit  (Roche,  Milan,  Italy)  according  to  toe 
manufecturer*  s  rccommendatians.  The  ^xiptotic  tiKlex  was  calculated  as  AC/ 
TC,  where  AC  is  the  number  of  ^x^itotic  cells  sidTC  the  nuntoer  of  total  cells 
counted  under  a  light  microscope. 

Samples.  Formalin- fixed,  paraffin-embedded  sections  fiom 

breast  tumor  fiom  patients  enrolled  in  a  clinical  trial  Phase  IB  (16)  were 
provided  by  the  Pathology  Dqiaitment,  Istituto  per  lo  Studio  c  la  Cura  dei 
Tumori,  Genoa  (ftaly). 

DNA  and  RNA  Extractien.  Extraction  of  DNA  and  RNA  from  breast 
cancer  cell  lines  was  peribnned  with  DNAzol  and  Trizof  le^ctively  (In- 
vitrogen,  Carlsbad,  CAX  ONA  from  paraiTinated  breast  cancer  samples  was 
extracted  from  three  consecutive  sections. 

RT-PCR.  ReaHime  RT-PCR  was  performed  on  cDNA  obtained  with 
Superscript  first-strand  synthesis  kit  (Invhrogen)  using  toe  ABI  PRISM  7700 
Sequence  Detectitm  System  (TaqMan),  and  the  following  primers  and  probes 
(Applied  Biosystems,  Foster  City,  CA)  RARa  sense,  5'-TGTGGAGTrCGC- 
CAAGCA-3';  RARct  antisense  5'-CGTGTACCGCGTGCAGA-3';  and  RARa 
oligpprobe,  5'-FAM-CTCCTX:AAGGCrGCCrGCCrGGA-TAMRA-3';  RARp 
sense  5'-CTrCCTGCATGCITCCAGGA-3';  RAR^  antisense  5'’-CGCnjAC- 
CCCATAGTGGTA-3';  RAR^  oligoprobe  S'-FAM-CTTCXffCCXXCTCGAG- 
TGrACAAACCCT-TAMRA-3';  GAFDH  sense,  5'-GAAGGTGAAGGrcGG 
AGTC-3';  GAFDH  antisense  5'^iAAGATGGTGATGGGATTTC-3';  and 
GAFDH  otigoprobe,  5'-FAM-CAACKrrnXXXHTCTCAGCC-TAMRA-3'- 
Quantitation  was  performed  by  toe  ewnparative  threshold  cycle  C,  method. 
For  semiquantitative  RT-PCR,  50  ng  of  Dnase-tre^ed  total  RNA  was  ampli¬ 
fied  whh  the  Superscript  One-Step  RT-PCR  System  (Invitrogcn).  The  ^2  and 
^  transoripts  were  identified  simultaneously  wito  sense  primer  5'-AACGC- 
GAGCGATCCGAGCAG-3^  and  antisense  primer  5'-A'nTGTCCT  GGCA- 
GACGAAGCA-3';  the  ^1  transcript  wito  the  sense  5'-TGACGTCAGCA- 
GTGACTACTG-3'  and  antisense:  S'-GTGGT  TGAACTGCACATTC- 
AGA-3'  primers;  and  the  actin  transcript  with  the  sense  5'-ACCATGG- 
ATGATGATATCG-3'  and  antisense  S'-ACATGGCTGGGGTGTTGAAG- 
3'priiners. 

MSP.  Bisulfite  modificatiDn  of  genomic  DNA  and  MSP  analysis  using 
U3/M3  and  U4/M4  RAR^  P2  primers  were  as  described  (18). 

Chip  Assay.  CHIP  analysis  was  performed  with  the  CHIP  kit  (Upstate 
Biotechnology,  New  York,  NY)  according  to  the  manufacturer’s  instructions 
with  minor  modifications  and  anti-acetyl-histone  H3,  anti  acetyl-histone  H4, 
and  anti-phospho  H3  antibodies  (Upstate  Biotechnology).  Chromatin  was 


Xenograft  Mouse  Models  of  Breast  Cancer.  Female  atoymic  mufe  mice 
(Taconic  Farms  Inc.,  Germantown,  MD)  6  wedcs  of  age  were  ii^ected  with  1.5 
mgAg  of  body  weight  depo-eshadiol  (Honda  Infusion  Cb,  Pabn  Harbor,  FL) 
2  days  before  s.c.  bilateral  inocidaricm  in  toe  flank  region  with  5x10^  breast 
carcinoma  cells  resuspoidcd  in  serum-ficc  medium  (InvitiDgai)  and  mixed 
wito  Matrigd  (1 : 1;  BD  Biosdences,  Bedford,  MA)  in  a  final  volume  of  0.2  mL 
Mice  for  each  cell  line  were  randomly  placed  in  grotqis  (5  mk:e/grcKq>).  Mkc 
in  toe  control  groi^  were  treated  wito  i.p.  injections  of  vehicle  (DMSO)  six 
times  a  week.  RA  (2  J  mg/kg  of  bodjy  weigii)  and  TSA  (1  mg/kg  erf  body 
weight)  were  administered  by  i.p.  injections  six  times  a  week-  Tiealzneztf  was 

initiated  when  palpable  tuiKws  were  established.  Turnor  volume  was  rneastired 

with  a  caliper  twice  a  week  and  calculated  according,  to  tl»  formula:  A 
(length)  X  B  (width)  X  C  (hei^)  X  0.5236,  Mice  were  treated  for  3-  4  weeks, 
then  et^hanizedL  Tumors  were  harvested  for  mdecular  studies;. 

Statistical  Analysis.  Data  bom  toe  trypan  Hue  counts,  dwrogenicity  as¬ 
says,  apoptotic  mdex,  and  tumor  size  arc  {Resented  as  nvans  ±  SE.  EHffer- 
ences  between  groups  were  analyzed  using  the  Studenf^s  test  for  independeit 
samples.  The  tevel  of  significance  was  set  at  F  <  0.05. 

Results 

RA  Cannot  Induce  RARfi2  Reactivatioii  in  Httmaa  Primary 

Breast  TomorsCanyiiig  a  Methylated  R4R0P2.  HaewcjTOvide 

evidence  toat  fnimary  brcast  tumOTs,  which  do  not  show  RAR^ 
inductiMi  aftar  RA-therapy,  cany  a  methylated  RARp  P2  {womoter. 
By  using  MSP  we  analyzed  toe  DNA  of  1 3  tocast  tumws  inchiding  1 2 
invasive  ductal  carcinoma  and  1  lobular  adenocarcinoma  of  patients 
enrolled  in  a  clinical  trial  of  RA  toer^  (16).  These  tumors  were 
characterized  previously  fw  estrogen  receptor,  proliferation  index 
(Kj67  reactivity),  and  RARp2  expression  before  and  after  RA  therapy 
(16X  Four  RARp2-posi^Ye  tumors  carried  an  uxnnetoylated RARp  E*2. 
Of  the  9  tumors  wito  very  low  or  negative  baseline  RARpi  transcrip- 
bosL,  3  carried  an  unmetoylated  P2  and  6  earned  a  methylated  P2  (Fig. 
L4).  On  RA  treatmoit,  toe  tumens  carrying  a  methylated  P2  did  not 
show  RARp2  reactfvatkm  (Fig.  L4).  Representative  RARp  P2  MSPs 
of  an  unmetoylated  tumor  (Patient  28)  and  a  metifcylated  tumor  (Pa¬ 
tient  5)  are  reported  in  Fig.  \B  alcmg  with  toe  MSPs  of  two  fRototypic 
breast  cancer  cell  lines,  T47D  and  MCF7,  carrying  an  unixretoylateci 
and  a  metoylated  RARp  P2,  re^)ectively.  The  presence  of  boto  im- 
methylated  (U)  and  metoylated  (M)  products  likely  reflects  a  mixture 
of  normal  and  malignant  cells  in  tire  tumor  sample.  These  data 
strongly  indicate  toat  a  methylated  RARp  P2  is  associated  with  lack  of 
RARp2  inducibility  by  RA. 

Endogenous  RARp2  Reactivation  by  RA  Is  Fossfole  Only  When 
There  Is  SafiSdent  H^one  Acetylation  at  RARp  P2.  By  using 
Chip  and  anti-acetyl-H3  and-  H4  antibodies  we  analyzed  the  RARp 
P2  acetylation  status  of  three  prototyjne  breast  carcinoma  cell  lines, 
the  RARp2~positiye  Hs578t  line  constitutively  expressing  also  p4  (toe 
transcript  regulated  by  RARp  P2),  and  the  RARp2-  negative 
t47D  and  MCF7  lines.  We  found  toat  RARp  P2  chromatin  was 
acelylated  in  toe  unmetoylated,  R^^-positive  Hs578t  ceH  line  and 
in  toe  RARp2-neg3tiwe  T47D  cell  line  but  not  in  toe  A4if^2~negative 
MCF7  cell  line.  Results  of  ChlP  with  toe  anti-acetyl-H4  antibody  is 
repwted  in  Fig.  1C  When  we  treated  the  RARp2-ntg^twe  T47D  and 
MCF7  cell  lines  with  pharmacological  doses  of  RA  (1  fm)  we 
observed  an  increase  in  acetylation  of  RARp2  transcription  in  the 
unmetoylated  T47D  cells  but  not  in  the  nrethylated  MCF7  ceDs  (Fig. 

1C).  Negative  OdP  with  anti-acetyI-H3  and  -H4  antibodies  in  MCF7 
cells  was  not  because  of  rearrangements/deletions  of  the  RARp  P2 
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region  because  CMP  with  the  antipho$];^o-H3  antibody  gave  a  posi¬ 
tive  signal  (Fig.  LO). 

Thus,  RAR.p2  transcriptiaa  seems  possible  only  when  there  is  an 
adequate  level  of  histone  acetylation  of  RAR^  P2-  Treatment  with 
phaimacoiogical  concentrations  of  RA  alone  can  increase  acetyla¬ 
tion  in  a  hypoacetylated  RARp  P2  (T47D),  but  not  in  a  deacetylated 
RARp?2. 

EodogenOHS  RAMp2  ReactivatioD  from  an  Unmethylated  JRARp 
P2  Is  Assodateti  with  Significant  GI  both  m  Vitro  and  ui  Ffrn. 
Reacetylation  at  RARp  P2  and  endogenous  RARp2  reactivation  were 
found  associated  with  biological  effects  in  vitro  and  in  vivo  (Fig.  I,  E 
and  F).  RARp2  but  not  RARa  exjHession  (evaluated  by  real-time 
RT-PCR)  aflCT  RA  treatment  in  boA  T47D  cells  and  xenograft  tumors 
(Fig.  1,  £  and  F)  correlated  with  complete  loss  of  clonogenicity  (Fig. 
\E)  and  significant  GI  in  xenograft  tumors  (♦,  P<  0.05;  Fig.  IF). 
Identical  RA  treatment  did  not  induce  RARp2  in  MCF7  cells  and 
xenograft  tumors  vdiere  the  observed  GI  can  be  interpreted  as  because 
of  /W/?p2-independent  effects. 

Reacetylatioa  of  H3  and  H4  Histones  at  RARp  P2  Restores 
RARp2  Transcriptkm  from  a  Methylated  RARp  P2,  Next,  we 
tried  to  reactivate  RARp2  from  a  metiiylated  A4J?/}  P2  by  modulating 
the  promoter  acetylation  status  in  two  cell  lines  carrying  a  methylated 
RARp  P2,  MCF7  and  MDA-MB-231  (18).  We  induced  chromatin 
reacetylation  at  RARp  P2  by  using  two  reacetylating  agents,  PB,  a 


short  fatty  acid,  and  TSA  a  hydroxamic  acid-based  hybrid  polar 
ccMiipound  (21),  as  weD  as  a  DNA-demethylating  agent,  5-Aza-CDR. 
Promoter  reacctylation  and  transcriptional  activation  induced  by 
5-Aza-CDR  treatment  (0.8  pM  for  96  h;  Fig.  25)  occurred  in  cem- 
conritance  to  RARp  P2  demethylation  (Fig.  25).  In  cemtrast,  promoter 
reacctylation  (Fig.  2A)  and  transcriptimial  activation  induced  either 
wifti  PB  (2.5  mM  for  72  h)  or  TSA  (3T-330  hm  fen*  24-48  h)  in 
combinatimi  with  RA  (1  pM;  Fig.  25)  occurred  from  a  RARp  P2 
methylated  promoter.  In  Fig  25  (right  and  middle  panels)  we  show 
the  results  of  an  experiment  of  RARj52  reactivatimi  using  330  nM  TSA 
and  1  pM  RA  Thus,  RARp  P2  reacetylation  is  necessary  and  sufficient 
to  restore  die  prcmiofor  susceptiWlity  to  RA  action  even  in  the  jxes- 
ence  of  persisting  methylation.  Interestingly,  RARp2  reactivation  was 
possible  also  in  breast  cancer  cells  (MDA-MB-231)  with  very  low 
endogenous  RARa. 

TSA  and  RA  Needs  To  Be  Administered  Simultaneously  to 
Obtain  RARp2  Reactivatioa  from  a  Methylated  RARp  P2.  TSA  is 
known  to  induce  transioit  chromatin  acetylation  of  -2%  of  genes  in 
a  human  cel!  (21,  22).  We  ewnpared  the  occurrence  of  RARp  P2 
reactivation  in  MCF7  cells  either  treated  for  24  h  with  TSA  (330  um) 
followed  by  24  h  witii  1  ftM  RA  or  treated  for  24  h  with  TSA  (330  nw) 
in  combination  with  I  pM  RA.  We  observed  that  both  histone  H3  and 
histone  H4  acetylation  faded  on  removal  of  TSA  (Fig.  3/t)  likely 
because  of  the  ability  of  DNA-methylated  sites  to  reattract  HDAC 
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Fig.  2.  Rcacetylation  of  metbylaccci  RAR^  P2  is  sufft- 
cieni  and  necessary  for  RAR^  icacovanon  by  RA.  A, 
leacetyfcaitm  of  A  raediylaied  RAR^  P2  {MCF7  cdb)  is 
induct  ai  bodi  H3  aid  H4  histenes  wiih  cwo  HDACIs,  PB 
and  T&i,  3.  pmaxoter  reacc^rlation  {ChlF}  and  RAR32 
rcactivaioo  (evaluated  by  RT-PCR}  occuis,  in  coiKwm- 
tance  witk  RARfi  V2  dcmcthylatian  (evaluated  by  HGR) 
widi  5~Aza-CdR  crcauncnt  and  widioia:  demetfayiadon 
{MSP)  with  emntuned  TSA/RA  treatment  in  both  MCF7 
(/^)  aid  MDA-MB-231  {middle)  cells;  PB  needs  to  be 
at  2  imjch  higher  concentz^OQ  than  TSA  to  induce 
RAR32  leactivwion  in  MCF7  (rigft/X 
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complexes.  The  best  strategy  for  RAR^  reactivation  was  to  use  bodi 
RA  and  TSA  simuhaneously  (Fig.  ^A),  Apparently,  RARfi  P2  chro¬ 
matin  needs  to  be  maintained  “sufficiently  relaxed”  to  enable  RA- 
indneed  RARp  P2  transactivation  fitma  a  methylated  prennotCT. 

Combined  TSA  and  RA  SpeciffcaDy  Target  Transcription  firom 
RARp  P2  but  not  tbe  Adjacent  RARp  FI  Promoter.  One  of  die 
major  criticisms  of  the  poteidia]  harmful  effects  of  chreunatin  remod¬ 
eling  drugs  (demethylaring  and  leacetylatmg  agents)  concerns  their 
non^iecific  modulationAeacttvaticm  of  many  gene  promoters  in  a  cell, 
particularly  the  developmentally  inactivated  promoters.  Fen  this  rea- 
smi,  we  liked  to  ccmipare  the  effects  of  TSA  ±  RA  and  S-Aza- 
CDR  ±  RA  cm  the  reactivation  of  RARp  PI,  the  pimnoter  adjacent  to 
RARp  P2,  which  is  a  deveiotnnentaDy  inactivated  promoter  (2).  PI, 
differently  from  P2,  does  not  contain  a  RARE.  Treatment  with  5-Aza- 
CdR(0.8^)±  RA{1  /iM)for%hbutnotTSA(330nM)±RA(l 
fiM)  for  48  h  induced  transcription  ftom  RARp  PI  in  MDA-MB-231 
cells  (Fig.  35).  The  NC3  H69  pi  served  as  a  positive  control  fen-  pi 
transcript  ex|Hesaon/size.  Apparently  TSA  cannot  restore  the  activity 
of  PI,  whereas  5-Aza-CDR  can  reactivate  both  promoters.  Thus,  by 
extr^lating  from  the  effects  on  PI  and  P2,  it  is  possible  that  a 
TSA-based  treatment  is  less  Hkely  to  randomly  reactivate  develc^ 
mentally  in^rtivated  promotes  (like  PI)  than  recently  inactivated 
promoters  (like  P2). 

In  Vitro  and  in  Vivo  Biological  Effects  Associated  with  RARpZ 
ReactivatioB  from  a  Methylated  RARp  P2.  Different  concentra¬ 
tions  of  TSA  (33-330  hm)  comlnned  with  RA  (1  /xm)  for  48  h  resuh 
in  RARp2  reactivation  and  significant  GI  in  MCF7  cells  (Fig.  3C).  RA 
treatment  alone  was  ineffective,  whereas  treatments  with  different 
concentrations  of  TSA  alone  (33—330  dm)  result, sc,  in  cemsistent 
GI.  Nevertheless,  RA  (1  pw)  significantly  {P  <  0.05)  potentiated  die 
TSA  growth  inhibitory  action  (Fig.  3(7).  A  combined  RA  and  TSA 
treatment  significantly  affected  also  the  psxiapqitotic  action  of  RA  cw 
TSA  alone  (Fig.  3D).  Thus,  OM  concentrations  of  TSA  can  modulate 
the  response  to  fAarmacological  levels  of  RA  in  cells  with  a  methy¬ 
lated  RARp  P2  inducing  profound  antijMnliferative  and  apoptotic 
effects. 


Next,  we  attmigited  reacrivatHwa  in  MCF7  xaiograft  tumws. 
Prehminarily,  we  observed  that  TSA  was  not  toxic  in  female  nude 
mice  when  adnunistered  six  times  a  week  fix  4  weeks  at  ccmcentxa- 
tkms  ranging  from  0.5-5  mg/kg  of  body  weight  (data  not  shown). 

These  darn  confinned  that  TSA  is  a  drug  with  lack  of  toxicity  w  vfvo 
(23).  Then,  we  treated  groups  of  five  6-8  wedc-old  female  nude  mice 
bearing  MCF7  xenograft  tumms  with  i.p.  injections  of  the  lowest 
concentrations  of  TSA  (0.5  and  1  mg/kg  body  weight)  and  RA  (2.5 
mg/kg  body  weight)  alcme  or  in  emnbinatioa  six  timesAveek  fix  4 
wedcs.  Tumor  growth  and  general  animal  conditicms  (body  weight/ 
behavior)  were  measured  and  monitored  fix  the  entire  duratkm  of 
treatment.  At  the  end  of  wedc  4,  ammals  were  sacrificed.  Tumors  of 
mice  leceiviiig  1  mg/kg  of  TSA  in  combination  witii  RA  (2.5  mg/kg 
of  body  weight)  Aowed  consistent  RARpI  reactivation  evaluated  by 
RT-PCR  (Fig.  3/0-  TSA  treatment,  vdiich  alone  also  induced  GI, 
significantly  modulated  the  response  of  RA  (Fig.  35). 

RARpz  ReactivatioB  Caa  Be  Induced  by  Combined  TSA  aad 
RA  Treatment  in  a  Variety  of  Epithelial  Caremoraa  CeBs.  We 
analyzed  the  correlation  bctweoi  methylation  and  acetylation  status  at 
RARp  P2  in  additicmal  breast  cancer  cell  lines  as  well  as  carcinoma 
cell  lines  of  other  tissues  (prostate  and  larynx).  Partial/cmnplete  P2 
methjdation  (evaluated  by  MSP  analysis  before  and  after  5-Aza-CDR 
treatment)  was  always  associated  with  a  RARp  P2  deacetylated  status 
(evaluated  by  ChIP  with  anti^cetyl-H3  and  -H4  antibodies).  The 
pre^ce  of  an  epigenetically  modified  RARp  P2  always  ccxrelated 
with  transcriptional  silencing  (Fig.  44).  TSA  (33-330  nw)  and  RA  (1 
pM)  treatments  always  resulted  in  reactivatitMi  of  endogenous  RARp2 
from  an  epigenetically  silenced  RARp  P2  (Fig.  4/f). 

Discussion 

There  is  moimting  evidence  in  epithelial  cancer  cell  lines  and 
animal  models  (5,  8-13)  of  the  potent  anticancer  effects  of  the  tumor 
sup^essor  RARp2.  It  has  also  been  dmonstrated  that  effective  res¬ 


toration  of  endogenous  RARp?  can  be  a  powerful  strategy  to  treat 
premalignant  oral  lesicms  (14).  Here  we  report  that  endogenous 
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Fig.  3.  Efffecis  of  combined  RA  SBod  TSA  ireanumt  on 
RAR^  icactivaikn  from  a  mclbyteed  RAR^  P2  in  vUm 
md  in  vivo.  A  TSA  and  RA  must  be  admanstered  qmiii- 

taneousjy  to  reactivate  firom  a  methyl 

A  TSA  dififiarnidy  from  5-A2I-CDR,  does  not  reactivate 
*c  devdopmentaUy  inactivaied  RAR^  W  promoter,  5'io 
RARp  P2;  C  and  A  combined  TSA  (33-330  dm)  and  RA 
(1  ftM)  treatments  can  teactivtoE  RAR$2  and  si^rifKaitly 
affect  both  Gl  and  apt^xocic  mdex  rf  MCF7  cdls;  E, 
sigiuficani  oanor  GI  was  observed,  in  concomsiance  with 
endogenous  RARfi2  reactmiimi  as  evaluated  by  RT-PCR 
(/),  in  MCF7  xenograft  tumas  after  4  wedcs  of  combaied 
TSA  (I  mg/kg  body  wei^)  and  RA  (23  body 

weight)  treatment;  harx  ±SD. 
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RARpi  expression  can  be  reactivated  in  ineast  cancer  cells  and 
xenograft  tumors,  and  cmielates  with  Gf  in  vivo  and  in  vitro.  We  show 
that  RAR^2  reactivation  can  be  tailwed  to  a  specific  teeast  cancer  by 
using  either  fteniacological  concentrations  rfRA  alone  m:  in  coiii- 
bination  with  dircnnatm  mnodeling  drugs  based  on  the  knowledge  of 
the  qngenetic  status  of  the  RAR^  P2  pimnoter,  which  contains  the 
RARE. 

We  observed  that  feihire  of  RAR^-  negative  breast  tmnors  lorespoaHi 

to  RA  does  correlate  with  the  iite%latkHi  status  of  the  P2 

[Hwnota:  (Fig.  1,  A  and  B).  Specifically,  iHeast  tumors,  whkh  failed  to 
ic-e^wess  RAR^  2  after  RA  thei^Dy,  carried  a  methylated  RARp  P2 
promoter,  vdiereas  breast  tumors  carrying  an  unmetl^lated  RAR^  P2 
le-exjxessed  RAR^  after  3  wedks  of  RA  treatmoit  (18).  These  data 
paralleled  vdiat  we  observed  in  xenograft  tumors  of  T47D  and  MCF7 
cells,  carrying  an  unmethylaled  and  mediylated  RAR^  P2,  respectively 

(Fig.  liO^  These  dam  clearly  iiMlicatBd  that  mediylation  at /t4/?^P2  is  a 

major  hurdle  for  successful  RA  ther^. 

It  is  known  that  DNA  methylation  can  induce  repressive  chromatin 
remodeling  by  causing  massive  histone  deacetylation  at  the  m^yl- 
ated  sites  (24-27).  By  using  prototypic  ;MRp2-negative  breast  cancer 
cell  lines  carrying  either  an  unmethylated  RARfi  P2  (T47D)  or  a 
methylated  RAR^  P2  (MCR  and  MDA-MB-231)  we  observed  that 
RA  treatment  alone  (1  fig/ml)  induced  RARp2  reactivation,  concom¬ 
itant  with  an  increase  of  fM-omoter  histoie  acetylation,  only  in  cells 
carrying  an  unmethylated  RARp  P2  (Fig.  IQ.  In  contrast,  we  did  not 


obtain  RARp2  reactivation  by  the  same  RA  treatment  in  cells  carrying 
a  meftrylated/deacetylated  RARp  P2.  These  results  cmroboraled  our 
hypotfaesi  s  ( 18)  that  differential  RA  resistance  in  cancer  cells  may  be 
because  of  differential  levels  of  represskm  at  RARp  P2.  Represskm 
consequent  to  differential  levels  of  HDAC  accnimulation  at  the  pio^ 
motor  IS  pohaps  due  to  an  altered  RA  metabolism  and/or  decreased 
levels  of  RARa,  or  other  cofactms,  essential  far  RARp  P2  activity.  It 
is  possible  that  an  iractive,  hypoacetylated  iM^omoto-  (in  our  case 
RARp  P2)  may  be  capable  to  attract  additional  epigenetic  changes  like 
DNA  methylation  leading  to  additimial  deacetylation,  ultimately  re^ 
suiting  into  gene  silencing  (24).  Both  defects  of  RA  metabolism  and 
low  levels  of  RARa  have  indeed  beoa  detected  in  l^east  carcincHna 
cells  (28-31).  In  particular,  MCF7  line  carries  at  least  two  defects, 
which  can  lead  to  low  intracellular  concentratinrs  of  RA,  namely 
altered  expressicn  of  lechhinrretiiiol  acyl  transferase  and  aldehyde 
dehydrogenase  6,  whereas  MDA-MB-231  line  presents  a  very  low 
level  of  endogenous  liAJia. 

To  reverse  deacetylation  of  RARp  P2  and  test  whether  we  could 
obtain  endogenous  RARP2  reactivation  in  MCF7  and  MDA-MB-231 
cells  with  a  methylated/deacetylated  promoter  we  used  different  chro¬ 
matin  remodeling  drugs  including  5-Aza-CDR,  PB,  and  TSA.  All  of 
the  three  drugs  were  capable  of  inducing  reacetylation  at  P2  (Fig.  2, 

A  and  B).  Reacetylatkm  was  obtained  in  cwicomitance  with  demeth- 
ylation  with  5-Aza-CDR  and  in  the  presence  of  methylation  with 
either  TSA  or  PB  (Fig.  2.  A  and  5).  TSA,  expected  to  reactivate  ~2% 
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Fig.  4.  Rractivadon  of  RARp2  in  diffcraii  ep- 
ithelial  cancer  cells  wfaoe  RAR^  is  cptgcaDCtkally 
sifcBced.  A,  reaceiylanoii  rf  RAJtfi  P2  aid  R4Rp2 
rcacdvaiioo  was  induced  by  TSA  phis  RA  in  cpi- 
(tidial  carcinoma  ceil  lines  from  ififfercnt  dssucs 
showing  partial  or  complete  P2  roediylaiioo: 
B,  a  model  fay  wi^  progressive  deaceiylanoD  ai 
RARfi  T2  iik^y  occurs  during  epithelial  caredno- 
genesis.  Both  mild  and  severe  deaccrylmioa  at 
P2  in  iMR^-negative  cpidielial  cancer  cells 
can  be  leveised  phannacoiogrcally  by  RA  akme 
(middle  panel)  or  a  ctBnbmation  of  HDACIs  and 
RA  {hoffom  panel),  respectively. 


Ep^enetf  c  status  of  RAR^  PZ  and  fCARf^  transcrfptiori  In  epftl>etiai  cancer  ceW  lines 
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of  inactive  genes  in  a  tumor  cell  (21,  22,  32)  is,  in  our  opinion,  the 
most  desirable  of  the  three  drugs  to  modulate  RARp2  reactivatioii  and 
RA  resptmse  from  a  methylated  RAR^  P2.  To  be  effective  TSA  needs 
to  be  administaned  in  ccmcomitance  with  RA,  fuobably  to  maintain  the 
chromatin  status  sufficiently  transparent  to  enable  RAR/RXR  access 
(Fig.  3Ay  Apparently,  TSA  can  modulate  reacetylation  of  RARp  P2 
and  RA  response  at  far  lower  concentration  (33  hm)  than  PB  (2.5  mM). 
TSA  alone  or  in  comluiiation  with  RA  differently  from  5-Aza-CDR  is 
ineffective  at  reactivating  PI,  the  developmentally  inactivated  pro¬ 
moter  adjacent  to  P2  in  the  RARp  gene  (Fig.  3R).  This  finding 
suggests  that  TSA  may  spare  to  reactivate  develojnnentally  inacti¬ 
vated  inomoters,  and,  therefore,  is  likely  to  produce  fewer  harmful 
effects  than  5-Aza-CDR  when  used  in  vivo. 

Acconding  to  a  rece^  report  and  our  experience  TSA  is  nontoxic  and 
Donteiatogenic  in  mice  (23X  and  ftK*  tins  reason  may  have  potential 
clinicaJ  value.  We  were  successful  in  obtaining  RARP2  reactivation  in 


treating  tuiiKM^-bearmg  mice  with  omnbined  TSA  (1  ing/^ 

and  RA  (2.5  mgicg  body  weight)  fw  4  weeks.  ^  vrw?A4/?^  reactivatKWi 

by  RA-FTSA  (Fig.  3F)  was  associated  with  cwisistEOt  tumor  GI 
(Fi^  3£).  Evoi  if  the  combined  TSA  ami  RA  treatment  seems  to  be 
optimal  in  achieving  RARp2  reactivation  bodi  in  vitro  and  in  vivo,  in 
some  cefl  lines  and  xenograft  tumms,  occasionally,  we  obs^ved  RAR^ 
reactivation  using  TSA  akme.  This  might  be  because  of  le-expresskMi 
of  RARp2  from  a  ntimim]  basal  promoter,  indqiendent  of  the  RA- 
responsive  efcment  as  aheady  reperted  (33). 

We  also  tested  whetiber  endogenous  reactivation  was  possible  in 
other  RARp2-no^ve  epitiielial  cancers  cell  lines.  RARp2  inducibiJ- 
ity  was  observed  in  additional  breast  cancer  cell  lines  (HCC  2185  and 
HCC  712)  as  well  as  three  prostate  cell  lines  (PC-3,  DU  145,  and 
LNCaP)  and  one  larynx  carcinoma  cell  line  (Hep2;  Fig.  4A).  In  ^  of 
the  lines  tested  thus  far,  we  observed  that  endogenous  reactivation  of 
RARfi2  by  TSA  (33-330  nM)  and  RA  (1  /ig/ml)  correlated  with 
significant  in  vitro  GI  and  apoptosis. 


xenograft  tuoKHS  of  MCF7  cells  cmitaining  a  methylated  RARp  P2  by 
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Our  overali  data  suggest  a  general  model  where  RARfi  P2,  nonnaliy 
regulated  by  a  dynamic  HDACyHAT  balance  in  the  |wesence  of 
physiological  levels  of  RA,  (Fig.  45.  top  panel)  undergoes  incieased 
HDAC  accunmlatiofn  during  epithelial  ceD  tumorigenesis  (Fig.  45). 
Both  mild  hypoacetyiation  at  RARfi  P2  (like  the  one  observed  in 
T47D  cdJs)  and  severe  deacetylation  at  RAR^  P2  (like  the  one 
detected  in  all  of  the  other  ejnthelial  ceU  lines)  can  be  reversed  but 
require  different  phannacologica]  treatmaits.  RA  treatment  alone 
(Fig.  45,  middle  panel)  can  reactivate  transcr^on  from  a  mildly 
hypoacetylarted  RARfi  P2,  whereas  treatment  with  an  HDACI,  like 
TSA,  is  required  to  make  tiie  promoter  susceptible  to  RA  action  (Fig. 
45,  bottom  panel). 

OAff  novel  HDAQs  (21,  32)  need  to  be  tested  to  see  we 

can  addhionally  ii]q>rove  the  efficiency  of  reacefylaticm  of  mediylated 
RARpPl  and,  consequently,  the  susceptibility  to  RA  re^xnise.  How¬ 
ever,  we  antici^te  that  also  other  HDACIs  will  affect  the  acetylation 
of  multiple  pTMUoters  and  jHoteins  like  TSA  does.  Thus,  there  is  a 
need  to  engineer  different,  extremely  specific,  chromatin  remotfeling 
reagents  to  obtain  q>ecific  promote'  targeting,  leaving  unaffected  ttie 
chrofnatin  of  all  other  genes. 

At  the  present  time  our  study  jwovides  useful  inftnmation  for 
potential  translational  ^jjrfications  frar  l^east  cancer  and  other  e|Hthe- 
lial  cancels.  A  methylated  RARfi  P2  can  be  used  as  a  “jnedictoa- 
marled  of  RAresprmsivaiess.  RAR^  P2  me&yiation  can  be  detected 
at  an  early  stage  of  breast  carcinogenesis,  and  cm  mininnira  quantities 
of  breast  ductal  lavage  cells  (34),  making  it  possible  to  identify  breast 
cancerpatients  with  tumms  ttet  may  benefit  from  endogenous  RAR^ 
reactivation  therapy. 
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Development  of  epigenetic  RA-  resistance  in  epithelial  cancer  cells 

Silvia  Maria  Sirchia,  MingQiang  Ren,  Silvia  Pozzi,  Giulia  Somenzi,  Riccardo  Ghidoni,  Silvano  Bosari,  Roberto  Pili, 
Nicoletta  Sacxhi,  San  Paolo  University  Hospital,  School  of  Medicine,  University  of  Milan,  Milan,  Italy;  Sidney  Kimmel 
Comprehensive  Cancer  Center  at  Johns  Hopldns  University,  Baltimore,  MD. 

Evidence  has  been  accumulating  that  retinoic  acid  receptor  (RAR)-  signaling  is  altered  in  a  great  proportion  of  epithelial 
cancer  cell  lines  derived  from  carcinomas  of  the  breast,  prostate,  lung,  stomach,  colon,  head  and  neck.  Quite  common  are 
epigenetic  changes  in  the  RAR  beta-receptor  chromatin  associated  with  lack  of  RAR  beta  transcription,  loss  of  tumor 
suppressive  RAR  beta  activity  and  development  of  RA-resistance.  A  few  studies  in  primary  tumors  have  shown  lack  of  RAR 
beta  transcription  both  in  tumor  cells  and  normal  epithelial  cells  adjacent  to  the  tumor,  but  not  in  normal  epithelial  cells 
distant  from  the  tumor  site.  Interestingly,  analysis  of  RAR  beta  DNA  methylation  reveals  the  appearance  of  RAR  beta 
hypermethylation  in  cells  microdissected  from  different  tumor  sites  as  well  as  in  histologically  normal  cells  adjacent  to  the 
tumor.  The  overall  data  suggest  that  epigenetic  alterations  affecting  RAR  beta  are  an  early  event  in  the  epithelial 
tumorigenesis  process.  Inspired  by  Ng  and  Bird  original  hypothesis  (1999)  that  gene  inactivation  may  be  one  factor  that  can 
provoke  DNA  methylation  and  chromatin  changes,  leading  to  irreversible  gene  silencing,  we  set  out  to  test  whether  this  is 
true  in  the  case  of  RAR  beta.  Normally,  RAR  beta  is  transcriptionally  active  in  the  presence  of  ligand  (RA),  key 
transcriptional  effectors,  including  RAR  alpha  and  COUP-TF,  and  a  variety  of  coactivator  proteins  and  histone  mod^ng 
enzymes.  We  forcedly  induced  RAR  beta  inactivation  in  breast  (cancer)  epithelial  cells,  with  a  normally  frmctioning  RAR 
beta  promoter,  by  both  depleting  the  ligand  and  inhibiting  the  activity  of  key  transcriptional  effectors.  As  a  consequence,  we 
observed  the  appearance  of  non-random  DNA  hypermethylation  in  the  RAR  beta  regulatory  region  and  the  concomitant 
development  of  RA-resistant  phenotype.  This  mechanistic  studty  has  translational  chemopreventive  implications  for  epithelial 
cancers.  Acknowledgements:  This  work  was  supported  by  US  Army  IDEA  Awards  DAMD17-99-1-9241  and  DAMD17-02- 
1-0432  to  NS, 


